High-energy x-ray diffraction measurements of undercooled, electrostatically levitated Ni 50 Zr 50 liquid droplets were performed. The observed solidification pathway proceeded through the nucleation and growth of the metastable B2 phase, which persisted for several seconds before the rapid appearance of the stable B33 phase. This sequence is shown to be consistent with predictions from classical nucleation theory using data obtained from molecular dynamics (MD) simulations. A plausible mechanism for the B2-B33 transformation is proposed and investigated through further MD simulations.
Introduction
In deeply undercooled liquids, metastable solid phases can often influence or dominate the nucleation process, to the extent that metastable phase diagrams have been proposed on the basis of experimental results [1] . The influence of metastable phases is particularly well-documented for pure face-centered cubic (fcc) metals in which the body-centered cubic (bcc) structure is metastable; several experimental [1] [2] [3] [4] , computational [5, 6] and theoretical [7, 8] studies have shown that the bcc phase can nucleate first and then transform into the equilibrium fcc structure. This phenomenon is in accordance with the phase-selection principle proposed by Stranski and Totomanow [9] , who suggested that the phase that appears first has the lowest nucleation barrier, and is not necessarily either the thermodynamically stable phase or the most energetically favorable phase for a given undercooling. The metastable phase may only be present in the system for a very short time, yet its brief existence can define the crystallization mechanism and rate. Therefore our ability to detect or predict the appearance of this phase is key to describing the solidification process.
Here, we report on high-energy x-ray diffraction measurements of electrostatically levitated 50-50 Ni-Zr liquid droplets in which we observed that the metastable B2 phase nucleated and persisted for several seconds before the appearance of the stable B33 phase. Subsequent molecular dynamics (MD) simulations revealed that the stable B33 phase must overcome a significantly higher nucleation barrier to crystallize from the liquid as compared to the metastable B2 phase, confirming that the Stranski-Totomanow principle holds for more complex crystal structures. Furthermore, MD simulations suggest that the barrier for B2 to B33 transformation is low under conditions which are realized toward the end of the solidification process. Thus, our work suggests that metastable B2 serves as a critical intermediate step in the liquid-B33 transition in Ni 50 Zr 50 that permits the solidification process to bypass what might otherwise be a formidable nucleation barrier.
Experimental procedure
In order to study solidification in Ni 50 Zr 50 , samples of Ni-Zr were electrostatically levitated at the 6ID-D beam line at the Advanced Photon Source at Argonne National Laboratory, permitting in situ high-energy x-ray diffraction measurements using x-rays of wavelength 0.094 03 Å (131 keV) and a beam size of 0.2 mm × 0.2 mm. The diffraction patterns were recorded on a two-dimensional GE Revolution 41-RT flat panel detector. The samples, spheres of approximately 2.0 to 2.5 mm in diameter, were processed in the Washington University Beamline Electrostatic Levitation furnace as described elsewhere [10] . The sample-to-detector distance as well as the vertical and horizontal tilts of the detector were calibrated using the diffraction from a levitated silicon sphere. The vacuum in the chamber was maintained in the low 10 −6 Torr range to minimize oxidation during the measurement. Samples were heated using a fiber-coupled diode laser operating at 980 nm, up to 50 W, and the sample temperature was measured by a Process Sensors Metis MQ22 two-color ratio pyrometer utilizing 1.4 and 1.65 µm wavelengths; this helped to correct for any emissivity changes the sample may have undergone throughout processing.
Prior to levitation, the sample was heated close to the melting point several times on the molybdenum launch post to assist in outgassing prior to processing. Once floating and heated through the melt plateau, the sample was heated up to ∼200 K above the liquidus, the laser was then switched off, and the sample was allowed to free-cool as frames were recorded at a rate of 10 Hz in an attempt to resolve transitory events (see figure 1) . The resulting temperature data were later calibrated by matching the measured temperature of the melt plateau to literature values, and then interpolated to match each x-ray frame, assuming no substantial change in emissivity over the measured temperature range. The diffraction patterns were corrected for bad pixels via a pixel intensity map, and dark current subtraction corrections were applied prior to processing. The measured crystalline diffraction patterns were analyzed using GSAS [11] and the Washington University xray analysis LabView package [12] as then used to obtain liquid structure factors to correlate with MD simulation results. Figure 1 shows data taken during one free-cool cycle from a starting temperature of 1773 K, approximately 200 K above the melting plateau. Figure 1 (a) shows the correlation observed between the sample temperature and the recorded diffraction pattern as a function of scattering angle as the system evolved over time. Examination of the obtained data clearly shows that the liquid attains a maximum undercooling of approximately 200 K before recalescing into the B2 phase and then, a few seconds later, transforming into the B33 phase ( figure 1(b) ). There is a spike in the thermal data which appears to coincide with the initial appearance of B33, and is consistently observed in all runs; however, it is uncertain whether this spike represents the signature of an actual physical process, or is simply an artifact of the measurement technique and subsequent analysis. The shoulder preceding this spike may be attributed to the latent heat associated with the liquid-B2 transformation, whereas the shoulder following this peak indicates that a latent heat is likewise associated with the B2-B33 transformation.
MD simulation
In order to better understand the observed transformation pathway, we turned to MD simulations, which allowed us to compute all parameters required by classical nucleation theory (CNT) [13] . Since ab initio MD simulation cannot be used for these calculations [14] , we performed classical MD simulations utilizing a semi-empirical potential recently developed for Ni-Zr alloys [15] . This potential provides that B33 is the most stable solid phase from 0 to T m , and that B2 is metastable in accordance with experiment. The relative stability of B33 over B2 was accomplished during potential development by including a procedure to fit the B2 melting temperature such that B2 melts roughly 100 K below the B33 solid-liquid transition. It was shown in [15] that when a liquid Ni 50 Zr 50 alloy model is created using this potential and seeded with either B2 or B33, the crystal phase is observed to readily grow with the appropriate structure. The good fit reported to the experimental liquid structure, as well as the relative B2/B33 stability, ensures that this potential is suitable for studying solid-liquid transitions in the Ni-Zr system.
Application of standard CNT requires determination of both the bulk driving force for nucleation and the solidliquid interface (SLI) free energy, γ (n). The first quantity is determined from the difference in the bulk free energies of liquid and solid phases, G m , which can be computed via the Gibbs-Helmholtz equation once the melting temperature and the latent heat are obtained from MD simulation (e.g., see [16] ). SLI free energies are much more difficult to determine, but a computational method to do so using MD simulation has been developed in [17] and validated in [18] . The B33 measurement listed for reference in table 1 has been reported in detail elsewhere [15] . The method followed for the B2 measurement reported here differs from the method used for the previous B33 computation primarily in that γ (n) has been expanded in this work in terms of the cubic harmonics rather than the orthorhombic harmonics required for B33. Expansion coefficients determined in this way are listed in table 1, and the inclination dependence of the SLI free energy is visualized for both cases in figure 2. Two features are evident from these measurements. First, the value of γ (n) averaged over inclination n is roughly 2.5 times larger for B33 than for B2. Second, no inclination is observed for which the value of γ B2 exceeds that of γ B33 . Hence, our MD simulations suggest that it takes substantially more work to create a B33-liquid interface than a B2-liquid interface.
The SLI free energies presented in figure 2 were determined at the melting temperature of each crystal phase. In order to estimate the variation of γ with temperature from these measurements, we followed Aga et al [19] and assumed that the empirical Turnbull relation [20] holds in the deeply undercooled state, in which case we may write Table 1 . Coefficients of the appropriate symmetry-adapted spherical harmonic expansion of the SLI free energy, for both the B2 and B33 phases, as determined by MD simulation. The B2 coefficients were determined in the present work, and follow the form of the first-order cubic harmonic expansion introduced in [24] . The B33 coefficients were first reported in [15] and are listed here alongside B2 for comparison. Note that the B33 coefficients represent a second-order expansion in terms of the orthorhombic spherical harmonics. 
Nucleation barriers G * determined in this way for both B2 and B33 phases are plotted as functions of temperature in figure 2(c) . From this figure it can be seen that for all temperatures approximately 100 K below the B2 melting temperature, the B2 nucleation barrier is always less than that for B33. Hence, our MD simulations suggest that the undercooled liquid is significantly more stable with respect to B33 than B2 for undercoolings comparable to the experimentally observed values. Furthermore, figure 2 shows that in experiment crystallization starts approximately 200 K below the B2 melting temperature. The MD data suggest that at this undercooling the nucleation barrier for B2 is 2.5 times smaller than that for B33. Thus, our MD results are able to explain the appearance of B2 prior to B33 observed in the experiment within the context of standard CNT.
This still leaves open the question of how the B33 phase appears in the alloy. Unfortunately, we cannot use CNT as above to describe this process. Although we can easily determine the bulk driving force for the B2-B33 transformation using the same method as above, we cannot use the capillarity fluctuation method proposed in [17] to determine the B2-B33 interface free energy because there is no equilibrium temperature at which B2 and B33 coexist (B33 is always more stable than B2). Moreover, the solidified droplet probably contains many grain boundaries, so there is no reason to assume that the B33 phase appears as a result of a homogeneous nucleation. Nevertheless, MD simulation allows us to propose a possible scenario for the B2-B33 transformation. We begin with our experimental observations. The phase fractions were determined using Rietveld refinement of the whole pattern. The uncertainty of the volume fraction was ∼2%. Figure 1(b) shows the relative fractions of B2 and B33 as functions of time. From this data, it can be seen that the B33 transformation is initiated once the B2 transformation is almost complete. Furthermore, although the B2-B33 transformation proceeds much more rapidly than the liquid-B2 transformation, our x-ray diffraction measurements are nonetheless able to resolve the process in time, and the observed rate is orders of magnitude slower than the speed of sound in Ni-Zr. These observations suggest that the B2-B33 transformation involves a nucleation process at select points throughout the sample, associated with the final stages of the liquid-B2 transformation, followed by rapid growth.
Near the end of the solidification of the liquid alloy into B2, it is likely that there are pockets of residual liquid which are completely surrounded by the solid phase. If so, then the pressure inside these liquid droplets should not only be negative but very large because the B2 phase is denser than the liquid phase. Displacive B2-B33 transitions have previously been studied in similar materials, such as (for instance) Ni-Ti [22] and Zr-Co [23] alloys. To test whether this tensile stress can trigger a displacive B2-B33 transformation in Ni-Zr we performed MD simulations in which bulk B2 (approximated as roughly 15 000 atoms under periodic boundary conditions) was subject to uniaxial tension at a constant strain rate of 1.7 × The B2-B33 transformation observed experimentally cannot be purely displacive in nature, because the solidified B2 is not under any applied stress. These simulations should instead be understood as predicting the response to any large local stresses that may develop during B2 solidification. Note that the threshold pressure of the displacive B2-B33 transformation obtained above using the potential from [15] is only a rough estimate of its true value since this potential was never fit to describe such a transformation.
If local stresses initiate the B2-B33 transformation, the remaining untransformed material must transform through growth from an initial set of nuclei.
Although this transformation is energetically favorable, the rate at which it can occur is limited by the kinetics of B2/B33 interface motion, as dictated by the interface mobility. To determine whether the B2/B33 interface mobility is consistent with the observed B2-B33 transformation rate, we performed further MD simulations at the B2 melting temperature in which a bulk B2/B33 interface was constructed and permitted to evolve under periodic boundary conditions in the NPT ensemble under zero total stress. A B2/B33 interface was chosen so as to minimize residual interface stress resulting from the B2/B33 lattice mismatch at this misorientation and temperature. Under these conditions, we observed that B33 readily consumed all of the B2 in a 66 000 atom simulation cell, over timescales orders of magnitude slower than those observed during the displacive transformation, yet still readily accessible to MD simulation (see figure 4) . Hence, our MD simulations suggest that the kinetics of B2/B33 interface motion would not unduly impede the B2-B33 transformation.
Conclusions
We performed high-energy x-ray diffraction measurements of electrostatically levitated 50-50 Ni-Zr liquid droplets in which we observed that the metastable B2 phase nucleated and persisted for several seconds before the appearance of the stable B33 phase. The appearance of metastable B2 was shown to be consistent with predictions obtained from classical nucleation theory based purely on MD measurements of the driving force and SLI free energy without any fitting parameters. Further MD simulation allowed us to propose a possible scenario for the nucleation and growth of the stable B33 phase.
